Abstract-Loading a cavity-backed slot (CBS) antenna with ferrite material and applying a biasing static magnetic field can be used to control its resonant frequency. Such a mechanism results in a frequency-reconfigurable antenna. However, placing a lossy ferrite material inside the cavity reduces the gain and impacts the impedance bandwidth. This letter develops guidelines, based on a nonuniform applied magnetic field and nonuniform magnetic field internal to the ferrite specimen, for the design of ferrite-loaded CBS that enhance its gain and tunable bandwidth by shaping the ferrite specimen and judiciously locating it within the cavity. To validate the modeling, simulations were performed using ANSYS's Maxwell 3D and HFSS, and they were compared to measurements conducted in the Arizona State University (ASU) anechoic chamber.
I. INTRODUCTION

P
LACING ferrite material inside a cavity provides an interesting mechanism to tune its resonant frequency. When an external dc magnetic field is applied to the ferrite-loaded cavity, the permeability of the ferrite sample varies due to the change of the internal magnetic field within the ferrite material. Variation of the ferrite permeability results in updated cavity electrical dimensions that impact its resonant frequency. There were previous investigations of the ferrite-loaded cavity-backed slot (CBS) antenna [1] - [4] . In [1] , the input impedance was obtained assuming that the ferrite sample was biased uniformly. The method presented in [2] was an attempt to determine the nonuniform applied magnetic field within the ferrite material, but assumed a uniform field distribution within the ferrite specimen. In [3] , some guidelines for the design of a CBS antenna with higher gain and lower resonant frequency were suggested, but were mainly based on experiment. In [4] , the emphasis was on the modeling of the nonuniform applied magnetic field and nonuniform magnetic field within the ferrite specimen.
The main objective of this letter is to develop design guidelines to enhance the gain, impedance match, and tunable bandwidth of the CBS antenna by shaping the geometry of the ferrite sample and to judiciously place it within the cavity. The simulations are based on a nonuniform applied magnetic field and nonuniform magnetic field within the ferrite sample. To validate the models and simulated results, measurements were conducted in the Arizona State University (ASU) EM Anechoic Chamber (EMAC), Tempe, AZ, USA.
II. GEOMETRY OF THE CAVITY, FERRITES, AND ELECTROMAGNETS Designs considered in this letter are based on a rectangular aluminum cavity with dimensions of 7.62 1.27 5.08 cm . The empty CBS antenna resonates at 2.13 GHz with a gain of 4 dBi and an of 8 dB. The 3-D computer-aided design (CAD) geometry of the CBS antenna and coordinate system used in this letter are illustrated in Fig. 1 . The top and side views of the actual CBS antenna employed in the simulations and measurements are shown in [4, Figs. 1 and 2] . In [4] , the antenna was loaded with one layer of ferrite material placed on top of a triangular probe, which was soldered to the inner conductor of the 50-coaxial cable. However, this sample of ferrite material will not be at the same location in this letter. The ferrite material is G-475 ( , 9.4 GHz, , , , ), whose characteristics can be found in [5] . To be able to change the intensity of the magnetic field applied to the ferrite material, an electromagnet is used whose terminals are parallel to the side walls of the cavity. However, for the measurements of this letter, two sets of permanent magnets with dimensions of 2.4 5.08 5.08 cm were used, whose locations around the cavity are similar to that of [4, Fig. 2] . Hence, the dominant component of the biasing magnetic field, produced either by the electromagnet or the permanent magnet, is in the -direction. To consider the nonuniformity of the magnetic field distribution, ANSYS Maxwell 3D [6] is used to simulate the dc biasing of ferrite material, and its results are imported into Ansys HFSS to obtain the RF characteristics of the antenna. It should be noted that all of the gains in this letter do not take into account the impedance match.
III. SIMULATIONS AND MEASUREMENT RESULTS
The performance of the antenna is a function of the nonuniform applied magnetic field. However, the magnetic field distribution depends on the electromagnet geometry and the number of turns around its arms. Knowing the position of the electromagnet relative to the cavity and the direction of the biasing magnetic field, it is sufficient to specify the intensity of the magnetic field at a certain point to show the changes of the nonuniform applied magnetic field. Hence, instead of presenting the entire plot for the nonuniform magnetic field in the cavity, the magnitude of the magnetic field at the center of the empty cavity is specified in each case, which is represented by .
A. Ferrite Sample on Top of the Probe
The main drawbacks of the ferrite configuration reported in [4, Fig. 2 ] are the low gain and poor impedance match. For an of about 600 Oe, the gain is 2 dBi at 0.95 GHz. To determine how to overcome this problem, it is necessary to analyze the electric field distribution inside the cavity.
The cavity in this letter can be viewed as an approximate model of a stripline, as it has been modeled in [7, Fig. 8 -53]. The major difference is the opening on the top wall of the CBS antenna which causes stronger fields at the aperture. The equivalent capacitors of the CBS antenna can still be modeled as in [7, Fig. 8-53 ]. To assess the performance of the cavity, the internal field distribution should be investigated. The electric field distribution of [4, Fig. 2 ] along the -(end view of cavity) and -(side view of cavity) planes is computed and illustrated in Fig. 2 .
It is apparent that the electric field intensity at the aperture of the cavity is lower than that in the area close to the probe. The other point of interest is the electric field intensity at the corners of the cavity. Since the permittivity of air is much smaller than that of the ferrite, the electric fields are attracted toward the ferrite sample. Now, placing the ferrite material on top of the probe causes the stronger fields to concentrate near the center of the cavity. Having weaker fields at the corners decreases the equivalent fringing capacitances designated in [7, Fig. 8-53 ], and they even become smaller than those of the empty cavity. Such an electric field distribution, with weak electric fields both at the aperture and corners, leads to a low gain and impedance match. 
B. Ferrite Samples at the Aperture of the Cavity
The first attempt to increase the gain of the antenna was to examine the influence of an open aperture and the relative placement of the ferrite material, as shown in Fig. 3 , where the ferrite material is placed at the opening and its center part is removed. Simulations of the geometry of Fig. 3 , for different magnetic bias fields, indicated that the dominant resonant frequency is about 2 GHz for weaker fields. This resonant frequency is higher than that of the geometry investigated in [4] . To maintain the resonant frequency as low, larger currents were applied to the coil of the electromagnets, and finally a new mode appeared at a lower frequency range. Introducing an open aperture, which can be interpreted as removing part of the lossy material in the direction of radiation, resulted in a gain of about 2 dBi at 1.26 GHz. Increasing the magnitude of the applied magnetic field, and having the ferrite more uniformly biased, produces an of about 12 dB. However, due to the reduction of the size of the ferrite material in the geometry of Fig. 3 , the sensitivity of the resonant frequency to the applied magnetic field was reduced.
C. Ferrite Samples on the Sides of Cavity
One of the solutions to overcome the reduction in the resonant frequency sensitivity is to introduce more ferrite material on both sides of the cavity, as shown in Fig. 4 . In this manner, the aperture is still open, and a larger portion of the cavity is occupied with ferrite material.
Simulations for the geometry of Fig. 4 indicated that an lower than 15 dB is achievable. The smallest needed to have such a match is about 590 Oe. For this excitation, the antenna resonates at 1.27 GHz with a gain of about 4.4 dBi and an of about 15.28 dB. Increasing the current even further (i.e., increasing ) resulted in a better impedance match. Setting the current to a value such that is equal to 855 Oe, the resonant frequency shifted upwardly to 1.36 GHz; the corresponding gain and the return loss were 5.2 dBi and 20 dB, respectively. This geometry was also subjected to measurements. To measure complete amplitude patterns in the EMAC facility required that the antenna under test be turned on for long time (typically 3 h). Because the coil in the electromagnet was overheating, when the current was high and applied for hours, permanent magnets were used, instead of the electromagnet, to bias the ferrite material and perform the measurements. In ANSYS Maxwell 3D, the permanent magnet was modeled as NdFe35. Fig. 5 displays predicted and measured input impedance, and gain for the geometry of Fig. 4 . It is apparent that a very good agreement between simulations and measurements has been achieved.
All of the figures-of-merit have improved for the geometry of Fig. 4 . However, the amount of ferrite material used in the design of Fig. 4 , as compared to Fig. 3 , increased substantially. Therefore, it would be of interest to investigate the impact of different parts of ferrite material on the antenna performance and remove any parts that may not be necessary. Hence, it is prudent to examine the permeability of the ferrite for the geometry of Fig. 4 . Fig. 6 shows the static relative permeability of the ferrite material subjected to a dc applied magnetic field, , of 590 Oe. The permeability inside the ferrite, in the -direction, is plotted along the vertical dashed line shown in Fig. 4 . As can be seen in Fig. 6 , the permeability in the vicinity of the probe is closer to unity, as indicated by the arrow; this area is more uniformly biased as well. This implies that the ferrite material in this area behaves more like a dielectric, rather than a ferrite, so its effectiveness on the tunability of the antenna diminishes. It would then be interesting to remove this part of the ferrite and observe its impact on the radiation characteristics of the CBS antenna. This is discussed in Section III-D.
D. Ferrite Samples at the Corners of the Cavity
After removing the part of ferrite material in the region indicated by the arrow in Fig. 6 , the cavity is loaded with ferrite material only at its corners. This geometry is illustrated in Fig. 7 . For an of 590 Oe, the antenna resonates at 1.46 GHz. At this frequency, the and gain are 18.23 dB and 4 dBi, respectively. Hence, a 15-dB occurs for weaker magnetic fields and at a lower frequency relative to the geometry of Fig. 4 . Increasing to 855 Oe, the antenna resonates at 1.57 GHz, the is equal to 27.8 dB, and the gain is approximately 3.8 dBi. The , as a function of the frequency, is illustrated in Fig. 8 . Since the patterns for both of the applied fields are basically identical to those of Fig. 4 , they are not shown here.
Placing the ferrite material in different locations inside the cavity changes its electric field distribution, which impacts its input impedance and gain. The capacitances can still be modeled as they have been in [7, Fig. 8-53] .
The field distribution of the cavity with ferrite configurations illustrated in Fig. 7 along -and -planes is shown in Fig. 9 . In the configuration of Fig. 7 , the ferrite samples attract the electric fields to the corners of the cavity, which increases the fringing capacitances and eventually decreases the input reactance of the antenna; hence, a better impedance match is observed. Since stronger fields occur at the aperture, a larger radiation resistance also results. When the cavity is loaded with ferrite material on its sides as illustrated in Fig. 4 , although the gain is higher than the geometry reported in [4, Fig. 2 ], the fringing capacitances are again smaller when compared to the configuration when the samples are at the corners. Hence, for weaker magnetic excitations, an lower than 15 dB can be achieved by the geometry illustrated in Fig. 7 .
E. Tunable Bandwidth
In this letter, the lower and higher frequencies of the 15-dB tunable bandwidth are defined as follows.
• : The resonant frequency at which the is less than 15 dB; meanwhile must be as small as possible.
• : The resonant frequency of the antenna, when is 855 Oe.
• The tunable bandwidth is defined as . Based on this definition, the tunable bandwidth for the geometry of Fig. 4 is about 90 MHz, while that of the geometry in Fig. 7 is about 120 MHz. It must be mentioned that increasing the current results in higher resonant frequencies. However, a maximum value was considered so that we can compare the sensitivity of different ferrite configurations within a certain range of current and also the of the antenna for different geometries with the same excitations.
IV. CONCLUSION
Loading the cavity with ferrite material can decrease the gain (due to the losses of the ferrite material) or negatively impact the impedance match of the antenna. The gain reduction attributed to the linewidth of ferrite (G-475) can be alleviated by a magnetic field of about 3 Oe internal to the ferrite [5] . As it is shown in [7, Fig. 2-23] , because the antenna is operating way below the ferromagnetic resonance, the linewidth loss is negligible. Since the ferrite is in deep saturation in the cases considered in this letter, the magnetic loss tan ( ) can be neglected. However, the dielectric loss (tan ) cannot be ignored.
Introducing an open aperture, by removing parts of the lossy material, can increase the gain. However, the sensitivity of the antenna decreases because of the lesser ferrite material inside the cavity. As it is shown in [8] , the wave propagation constant inside the ferrite material is a function of the intensity of the magnetic field internal to the ferrite. Also, applying a stronger magnetic field biases the ferrite material more uniformly [4] . Therefore, having the ferrite material biased more uniformly by applying a stronger magnetic field, a smaller number of propagation modes will be excited inside the cavity; hence, a better impedance match will be achieved. However, increasing the excitation field results in a higher resonant frequency because of the smaller permeability of the ferrite. On the other hand, biasing the ferrite material uniformly does not necessarily lead to 15 dB impedance match for all of the geometries. Such an impedance match can be achieved for certain geometries in which the ferrite samples are placed at strategic locations. To achieve a higher gain, the electric field at the aperture must be more intense. A better impedance match is obtained for configurations with larger fringing capacitances, so the electric fields must be stronger at the corners. Placing the ferrite material at the corners of the cavity results in larger fringing capacitances, which lead to a better impedance match. Therefore, a 15-dB for lower magnetic field excitations and also wider tunable bandwidth will be achieved. For such geometry, the stronger fields occur close to the aperture, which eventually lead to higher gains.
